Endogenous respiration of spores of the fungus Myrothecium verrucaria can be stimulated up to over-10 fold by diverse chemicals or by physical treatments. Greatest effects were caused by azide (12-fold at 250 ,Mm) and by 2,4-dinitrophenol (7-fold at 300 ,uM). Marked stimulation was also caused by 10 AM silver (5-fold), 30 gM pentachlorophenol (6-fold), 10 ,uM carbonyl cyanide m-chlorophenyl hydrazone (4.5-fold) and 10 ,uM merthiolate (4-fold). Physical treatments such as heat (50 C), freezing, and sonication at sublethal levels were also The studies reported here were initiated following the discovery that azide had a remarkably high stimulatory effect on the endogenous respiration of spores of the fungus Myrothecium verrucaria (11) and that trehalose constituted about 20% of the spore dry weight, thus providing sufficient reserves to support germination (14). It was hoped that an investigation of the action of azide and comparison with effects of other chemicals and physical treatments on endogenous metabolism would contribute to an understanding of the mechanisms of dormancy and germination in these spores.
,uM carbonyl cyanide m-chlorophenyl hydrazone (4.5-fold) and 10 ,uM merthiolate (4-fold). Physical treatments such as heat (50 C), freezing, and sonication at sublethal levels were also stimulatory. Stimulation by azide or dinitrophenol was much greater in young than in old spores, whereas response to other chemicals and to freezing was relatively unaffected by spore age. In older spores the effect of azide was no greater than some other inhibitors. During incubation with azide, the endogenous trehalose reserves decreased and changes in free amino acids occurred, both increases and decreases. Thus anabolic as well as catabolic changes occur as evidenced also by the germination of a few (up to 5% ) spores. The mechanisms of stimulation must be varied and complex. Permeability changes in the membrane confining endogenous reserves are proposed as a common initial cause. Additional changes in characteristics of membranes of other subcellular particles, as well as enzymic phenomena such as uncoupling of oxidative phosphorylation, are presumably involved in instances where greater stimulation occurs. The data are consistent with the hypothesis that dormancy in these spores results from separation of substrates from metabolic enzymes and more specifically that metabolites are sequestered rather than enzymes.
Most studies of endogenous metabolism of microorganisms have employed an experimental system involving vegetative cells in the absence of exogenous substrate, i.e., under conditions of starvation. This is an abnormal situation for vegetative cells but is the normal environment for resting spores. Germination requires provision of appropriate exogenous substrates or activation treatment depending upon whether dormancy is exogenous or constitutive in nature (20) . Thus endogenous metabolism and relevant control mechanisms are intimately involved in the survival and propagation of organisms having a spore stage in their life cycle. Understanding the phenomena of dormancy and germination are thus inseparable from understanding endogenous metabolism.
The studies reported here were initiated following the discovery that azide had a remarkably high stimulatory effect on the endogenous respiration of spores of the fungus Myrothecium verrucaria (11) and that trehalose constituted about 20% of the spore dry weight, thus providing sufficient reserves to support germination (14) . It was hoped that an investigation of the action of azide and comparison with effects of other chemicals and physical treatments on endogenous metabolism would contribute to an understanding of the mechanisms of dormancy and germination in these spores.
Instances of metabolic stimulation by compounds usually having inhibitory action are not uncommon. Webb (22) has discussed this in general terms and has proposed a number of hypothetical mechanisms to account for the phenomenon. Slater (19) gives additional discussion relating to agents which stimulate metabolism through uncoupling oxidative phosphorylation, the mechanism proposed by most workers.
In essentially all published reports of stimulation we have encountered (2, 15, 16, 18) , the 2-to 3-fold increases reported have been much less dramatic than those observed here. The only exceptions are the studies of Desser and Broda (4, 5) who used labeled Bacillus cereus spores to permit detection of extremely low rates of respiration. They reported 80-fold increases in the presence of azide. It should be noted, however, that the absolute increase was extremely low, i.e., Q.2 = 0. 110 compared with 0.0013 for control spores.
MATERIALS AND METHODS Cultural and procedural methods were similar to those reported previously (10, 14) . Briefly, spores of M. verrucaria (Alb. and Schw.) Ditm. ex Fr. QM460 were harvested from surface inoculated agar cultures grown at 29 C with filter paper as carbon source, and 0.005% yeast extract was added to improve sporulation. Sporulation was complete in about 5 days. Figures given as spore age are actually culture age, true spore age being about 5 days less. Spore suspensions were prepared freshly before use by washing with water and suspending in buffer (50 mM KH,PO-KMHPO4, pH 5.5) at concentrations on the order of 5 mg/ml. Dry weights were determined on aliquots filtered through fine sintered glass crucibles. Cell volume changes were determined by centrifuging in protein tubes (12) .
Respirometry was by standard Warburg techniques at 30 C with 1.0 ml of spores in 50 mm potassium phosphate buffer at pH 5.5 in the vessel, 0.2 ml of 10% KOH in the center well, and 0.5 ml of additive in distilled water in the side arm. For experiments with CO, air was displaced from the manometers by repeated evacuation and filling with the appropriate gas mixture.
Trehalose, the only sugar present at significant levels in the spores (14) , was determined on hot water extracts by a phenolsulfuric acid method (7) for total carbohydrates.
Fatty acids were determined on chloroform-methanol (2:1 v/v) extracts of lyophilized spores shaken at room tempera- oxidized to CO2 and H20, the oxygen consumed would be equivalent to a loss of 0.33 mg/mg dry weight of spores. In actuality, the spores lost about 50% of their dry weight in 24 hr. Trehalose, the only water-soluble carbohydrate present in appreciable quantities, decreased during incubation with azide but did not disappear completely, nor was the decrease sufficient to account for all of the 02 consumed. At 6 hr, when half of the trehalose was still present, the respiratory rate was decreasing rapidly. These data indicate strongly that trehalose was not the sole substrate for azide-stimulated endogenous respiration.
The stimulatory effect of azide was markedly affected by concentration, the optimum being at about 0.25 mM at pH 5.5 ( Fig. 2) . Inhibition of endogenous respiration occurred above 1 mm. Varying the spore concentration from 1 to 3 mg/vessel did not significantly affect the azide concentration for maximum stimulation nor the total 02 uptake per mg spores in 24 hr.
The most pronounced stimulatory effect of azide was observed in young spores (Figs. 2, 3 ). The low rates in 81-day-old spores were not due to death since over 90% of the spores were still viable.
To determine whether azide was accumulated against a concentration gradient, analyses were made of supernatant solutions following incubation of spores with azide. While the data are lacking in precision due to the turbidity of the solution even after centrifugation and filtration through Millipore filters, no significant accumulation of azide from solution by the spores was indicated. In this experiment with a spore concentration of 5 washing of the spores provided the period of incubation with azide was only a few hours. With an incubation of about 5 hr before washing, the stimulation was only partially reversed (11) . Additional data demonstrating reversibility and irreversibility are shown in Figure 4 . With prolonged exposure to azide -over 10 hours-removing external azide increased endogenous respiration. Respiratory rate of untreated controls remained low at a Q., of about 2.
Azide concentrations which produced maximum stimulation of endogenous respiration caused complete inhibition of growth as measured by cell volume increase during incubation with sucrose and yeast extract but only 40% inhibition of exogenous respiration on sucrose and yeast extract.
Microscopic examination of spores incubated with azide under a variety of conditions showed that up to 5% might geiminate. Variables studied included time of incubation, azide concentration, spore age, and removal of azide at various times. Measurement of cell volume showed no significant swelling to occur during incubation with azide.
Myrothecium spores are highly aerobic and will not germinate under anaerobic conditions. They do have a low rate of endogenous fermentation, however, about half that of endogenous respiration. Azide stimulated this anaerobic CO2 evolution slightly, raising it to about the aerobic level. Further tests were carried out to determine whether some initial reactions induced by azide could occur in the absence of 02. Preincubation with azide in an N2 atmosphere for 1, 2, 3, or 5 hr before adding 02 did not affect the course of respiration. In all cases, the maximum rate of 02 uptake was reached in about 3 hr.
Since the O°uptake resulting from azide stimulation is in excess of what could be anticipated if endogenous trehalose was the sole metabolite, changes in other cell constituents were followed. Marked changes-increases as well as decreaseswere found in free amino acids in hot water extracts of spores incubated with azide (Fig. 5) . Of the identified amino acids, aspartate, threonine, glutamate, alanine, cystine, and arginine decreased significantly, while valine, isoleucine, leucine, tyrosine, phenylalanine, tryptophan, lysine, and histidine increased. For 2), and the maximum response with respect to both rate and total 02 uptake was somewhat less than with azide. Effects of spore age were similar, younger spores being much more responsive (Fig. 3) . Shapes of the respiration curves were different in that the maximum rate with DNP was attained within the 1st hr, whereas with azide it was between 3 to 4 hr. (Tables I and II) . Differences between the response to merthiolate and silver are noteworthy. Endogenous respiration is stimulated by lethal concentrations of merthiolate but is suppressed by lethal concentrations of silver.
Effects of Physical Treatments. Stimulatory effects of heat treatment and freezing on endogenous respiration have been reported previously (11) . Additional data showing effects of spore age are presented in Figure 3 . Current studies have shown that sonication at sublethal levels (2-4 min) stimulated respiration about 3-fold. Ultracentrifugation at 226,000g for 5 min had no subsequent effect on endogenous respiration.
Interaction of Treatments. Several experiments were carried out using combinations of treatments to determine whether such information would indicate similarity or differences in mechanism of action.
Responses to varying concentrations of azide and DNP added simultaneously indicated that the effects were not additive. DNP increased by adding azide at low concentrations, but the response was less than the sum when added separately. Higher concentrations of azide decreased the DNP effect.
If spores were both heated and frozen-the sequence being immaterial-the response after 2 to 3 hrs of incubation is greater than with either treatment alone. Spores which had been frozen responded to low azide concentrations (0.1 mM) as much as control spores, but at higher concentrations the response was less. On the other hand, azide had only a slight stimulatory effect on heated spores.
Response of sonicated spores to azide paralleled that of control spores, and the effects appeared to be additive.
Effect of Spore Age. Spore age had a very marked effect on response to certain stimulatory treatments ( Fig. 3 ; Table II ). Most dramatic of these was the effect with azide and DNP, as mentioned above, where the response of young spores was much greater than older spores. Heat also had a greater effect on young spores, although the relative difference was not as pronounced. In contrast, response to silver, pentachlorophenol, CCP, merthiolate (not shown), and freezing was relatively unaffected by spore age. It is noteworthy that while azide was so much more active than any other treatment found in young spores, the differences disappeared or were not very great in older spores. The effects of spore age were not due to loss of trehalose reserves since the 81-day-old spores in Figure 3 still had 0.113 mg trehalose/mg. Furthermore, 90% of the spores were still viable when plated out.
DISCUSSION
The studies reported here show that the endogenous respiration of M. verrucaria spores can be stimulated to varying degrees by a diversity of chemicals as well as by several physical treatments. These phenomena have potential relevance to the mechanisms of metabolic regulation in resting cells and consequently to the control of dormancy, activation, and germination of spores. The stimulatory mechanisms involved are unknown and are undoubtedly varied and complex. While the data presented do not permit unambiguous assignment of mechanisms, they do allow some positive suggestions to be made. Examining the response to azide, the most effective of all chemical or physical treatments observed, it has been shown that some, but not all, of the trehalose reserves are metabolized, that mannitol increases (14) , that extensive changes in free amino acids occur, and that up to about 5% of the spores may germinate. While these effects are apparently mainly catabolic, anabolic processes are obviously stimulated. Thus the controls which maintain these spores in a dormant condition can be disrupted by azide. The metabolic pathways involved in growth are more sensitive to disruption than are the controls for dormancy, however, since spore swelling and respiration in the presence of exogenous substrates are inhibited at azide concentrations below those causing maximum stimulation of endogenous respiration.
The rate of stimulated respiration is apparently not a function of endogenous substrate concentration since the rate declines after several hours, even though more than half of the trehalose is still present. Furthermore, the response of old spores is much lower than that of young ones, even though the trehalose concentrations and free amino acid composition does not differ greatly.
Whereas all the stimulatory chemicals or treatments have one effect in common-increased 02 uptake-the mechanisms involved must differ in some ways. For example, (a) spore age has a very great effect on response to azide and DNP but little There are numerous reports of stimulation of respiratory or other metabolic activity by inhibitors, primarily DNP but also by azide. Practically all such instances have been interpreted, frequently without proof, on the basis of an uncoupling of oxidative phosphorylation in the respiratory chain which increases the rate of exergonic reactions but decreases energy utilizing processes (see 19 for a review). Interpretation of mechanisms from whole cell experiments is obviously difficult, and more critical studies of uncoupling mechanisms have been with mitochondrial preparations (9) . The results reported here could also be ascribed to uncoupling, but only partially and on a circumstantial and unsatisfying basis. Some other mechanism(s) is assumed, since a number of chemicals capable of acting as uncouplers have no effect, and some not reported to act as uncouplers are stimulatory. Furthermore, azide, which is not one of the more widely recognized uncouplers, has a significantly greater effect than any other treatment. In addition physical treatments can also be effective.
The possibility of changes in membrane permeability being involved in all of these phenomenon must be considered. Evaluation of pertinent evidence requires a brief digression on the phenomenon of dormancy in these spores. Moreover, our primary interest in the stimulation of endogenous metabolism is because of potential relevance to mechanisms of dormancy.
There are two basic types of dormancy depending upon the involvement of controls within the cell or external to it. These have been termed constitutive and environmental dormancy (13) or more recently constitutive and exogenous (20) . Spores of M. verrucaria are ostensibly exogenously dormant, i.e., germination does not occur in water, buffer, or mineral salts solution. Rapid 100% germination requires a complex mixture of exogenous metabolites: sucrose and yeast extract at concentrations of about 0.5 to 1.0% each. Despite these requirements for exogenous metabolites, there are adequate trehalose reserves-20% of their dry weight-to provide the energy requirements for germination (14) as well as a pool of free amino acids equal to about 2% of the dry weight. Furthermore, exogenously supplied trehalose is respired with no observable lag, demonstrating the existence of an active metabolic system within the spores. The ability of cells to discriminate between a substance they synthesize and the same substance assimilated from the environment has also been noted by Furano and Green (8) . They attribute this to compartmentation within the cell. Additional evidence for the presence of readily available metabolites as well as of active metabolic systems in resting spores can be demonstrated by the high rate of respiration observed when hot water extracts of spores are added to a spore suspension (unpublished).
Assuming these phenomena are due to separation of enzymes and substrates (14) , how is this separation effected? Are substrates or enzymes or both sequestered within the cell? The evidence can be interpreted most easily on the basis of substrate being in a water soluble form within a membranebound system and metabolic enzymes in an active, available state. Budd et al. (1) also proposed a compartmentation mechanism to explain dormancy in Neurospora and in a subsequent paper (21) suggested that a trehalose inhibitor was involved in ascospore domancy. This mechanism could not be involved here since exogenous trehalose is metabolized readily.
Returning to a discussion of mechanisms for stimulation of endogenous respiration, it is proposed that a primary action, perhaps common to all situations observed here, is on the membrane(s) confining endogenous reserves. This would permit diffusion of substrates to sites of metabolic enzymes. If such membrane effects occur, they must be highly selective, since trehalose does not diffuse out of the cells unless the concentration of chemical or intensity of treatment causes death. The disruption of mitochondria by sonication to form submitochrondrial particles with everted membrane configuration and the significance of these changes in vectorial organization to the oxidative phosphorylation system have been discussed by Racker (17) . While the effects of freezing, heat, sonication, and of certain chemicals can conceivably be ascribed entirely to such a mechanism, the effects of azide and a few other chemicals producing responses of much higher magnitude require supplemental mechanisms. Further explanation at this time is highly conjectural. One can only propose changes in the membranes of other subcellular particles and in enzyme systems, including uncoupling of oxidative phosphorylation.
